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Second sodium pumpClinical and experimental data show an increase in sodium reabsorption on the proximal tubule (PT) in
essential hypertension. It is well known that there is a link between essential hypertension and renal
angiotensin II (Ang II). The present study was designed to examine ouabain-insensitive Na+-ATPase activity
and its regulation by Ang II in spontaneously hypertensive rats (SHR). We observed that Na+-ATPase
activitywasenhanced in14-week-oldbut not in6-week-old SHR. The additionofAng II from10−12 to 10−6mol/L
decreased the enzyme activity in SHR to a level similar to that obtained in WKY. The Ang II inhibitory effect
was completely reversed by a speciﬁc antagonist of AT2 receptor, PD123319 (10
−8 mol/L) indicating that a
system leading to activation of the enzyme in SHR is inhibited by AT2-mediated Ang II. Treatment of SHR
with losartan for 10 weeks (weeks 4–14) prevents the increase in Na+-ATPase activity observed in 14-week-
old SHR. These results indicate a correlation between AT1 receptor activation in SHR and increased ouabain-
insensitive Na+-ATPase activity. Our results open new possibilities towards our understanding of the
pathophysiological mechanisms involved in the increased sodium reabsorption in PT found in essential
hypertension.© 2009 Elsevier B.V. All rights reserved.1. Introduction
The kidneys play a crucial role in the long-term regulation of
systemic blood pressure (BP) [1–3].This role is strictly correlated to
the ability of the kidneys to ﬁne tune the level of the sodium excretion
at different BP levels [4,5]. According to Guyton's hypothesis,
whenever arterial blood pressure is elevated an increase in natriuresis
pressure occurs and, consequently, in renal sodium excretion [6,7].
This hypothesis predicts that the mechanism that resets this relation-
ship towards higher pressure leads to hypertension [8].
The renal mechanisms of Na+ transport are themain determinants
of urinary Na+ excretion, constituting the primary regulators of
extracellular ﬂuid volume and, therefore, contributing to the main-
tenance of BP [9]. The observation that patients with essential
hypertension as well as spontaneously hypertensive rats (SHR)
show increased sodium reabsorption on the proximal tubule (PT)
indicates that this segment plays an important role during the genesis
of the hypertension [8,10–13]. Furthermore, before the onset of+55 21 2280 8193.
).
nt of this work.
ll rights reserved.hypertension, SHR already show increased sodium and water
reabsorption [11], and the PT has been implicated in this sodium
retention [13,14].
The basolateral sodium transport is one of the limiting steps to PT
sodium reabsorption [15,16]. Two sodium pumps have been described
in this renal segment: the classic (Na++K+)ATPase and the ouabain-
insensitive, furosemide-sensitive Na+-ATPase [15,17,18]. It was shown
that in SHR the (Na++K+)ATPase activity in PT is increased in 5-
week-old rats but is not changed in animals more than 12 weeks
of age [19,20]. On the other hand, it has been observed that the
increased sodium reabsorption in PT cells is maintained even in adult
animals and the transporter involved in this process is still to be
determined.
SHR has been used as a model of essential hypertension [21]. It is
well known that there is a link between essential hypertension and
the rennin/angiotensin system (RAS) [22]. It is well recognized that
PT function is regulated by both circulating and locally formed
angiotensin II (Ang II) [23]. Matsushima et al. [24] observed that the
content of Ang II in the renal cortex is increased in 14-week-old SHR.
Our group showed that the PT Na+-ATPase is the target for some
peptides such as Ang II [25–27]. Then, the selective modulation of
Na+-ATPase by Ang II may be an important mechanism of extra-
cellular ﬂuid volume control and, consequently, of arterial blood
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the activity of this enzyme would be changed in hypertension.
Therefore, the present studywas designed to examine the role of Na+-
ATPase in SHR and its regulation by Ang II.
2. Materials and methods
2.1. Materials
Adenosine triphosphate (magnesium salt; Mg-ATP), ouabain,
furosemide, sodium chloride, potassium chloride, magnesium
chloride, ethylenediaminetetracetic acid (EDTA), N-2-hydroxyethyl-
piperazine N'-2-ethanesulfonic acid (HEPES), (trishydroxymethyl)-
aminomethane (Tris), histone, bovine serum albumin (BSA),
phenylmethylsulfonyl ﬂuoride (PMSF), PD123319 and guanosine 5-
[β-thio]diphosphate (GDPβS) were purchased from Sigma Aldrich
Company (St. Louis, MO). Sucrose and choline chloride were from
Merck (Darmstadt, Germany). The AT1 receptor selective antagonist,
losartan, was obtained from Medley S.A. (São Paulo, Brazil). [32Pi]Pi
was obtained from the Brazilian Institute of Energetic and Nuclear
Research, São Paulo, Brazil. [γ-32Pi]ATP was synthesized according to
the procedures described by Maia et al. [28]. All other reagents were
of the highest purity available.
2.2. Animals
All the animal procedures were conducted in accordance with the
National Institutes of Health (NIH) Guide for the Care and Use of
Laboratory Animals and were approved by the Institutional Ethics
Committee of Federal University of Rio de Janeiro (number IBCCF004).
Adult maleWistar Kyoto (WKY) and Spontaneously Hypertensive Rats
(SHR) aged 6 or 14 weeks were purchased from Centro de
Desenvolvimento de Modelos Experimentais, Escola Paulista de
Medicina, São Paulo, Brazil. The animals were reared four per cage
with free access to food and water in a room maintained at 25±1 °C,
55±5% humiditywith a 12-h light–dark cycle. In agreementwith data
from other authors [29–31], we observed that 6-week-old SHR did not
develop hypertension, while at 14 weeks, hypertension is already
established.
2.3. Treatment
The SHR were randomly divided into four groups according to
the treatment: Group 1, WKY rats, used as normotensive controls,
received vehicle (water) for 10 weeks (WKY-V); Group 2, SHR
treated with losartan for 6 weeks and then vehicle (water) for
4 weeks (SHR-L up to 10 weeks old); Group 3, SHR treated with
losartan for 10 weeks (SHR-L up to 14 weeks old); and Group 4, SHR
treated only with vehicle (water, SHR-V). The treatments were
administered by gavage once daily and body weight was measured
daily for adjustment of the losartan dose to 30 mg/kg per day.
Arterial blood pressure was measured weekly by the tail-cuff
compression method (Non-invasive Blood Pressure Instrument LE
5001, Panlab, Barcelona, Spain) for the duration of the treatment.
After the treatment the animals were anesthetized with 100 mg/kg
ketamine and 20 mg/kg xylazine and then the kidneys were
removed to prepare the microsomal fraction of the kidney cortex as
described below.
2.4. Non-invasive BP measurement
Twenty male rats were used for the non-invasive blood pressure
measurements using a Letica LE 5001 instrument (Barcelona, Spain).
The tail-cuff method was carried out as previously reported [32]. For
accurate blood pressure measurements, the animals were kept in a
warm environment (30–32 °C) for at least 30 min until arterial tailpulsations were detected. Three consecutive, consistent readings of
the systolic blood pressure (SBP), diastolic blood pressure (DBP),
mean blood pressure (MBP) and heart rate (HR) were taken in each
individual, and the values were averaged.
2.5. Preparation of the microsomal fraction
The microsomal fraction was obtained using a previous method
with a few modiﬁcations [33]. Brieﬂy, the kidneys were removed and
maintained in cold solution containing (mmol/L): sucrose 250,
HEPES–Tris (pH 7.6) 10, EDTA 2 and PMSF 1. Thin slices of the cortex
(cortex corticis) were removed with a Stadie Riggs microtome using a
scalpel. After dissection, the slices were homogenized in the same cold
solution using a Teﬂon and glass homogenizer. The homogenate was
centrifuged at 3000 rpm for 10min at 4 °C in a Hitachi-Himac SCR-20B
centrifuge using a RPR 20.2 rotor. The supernatant was centrifuged at
6000 rpm for 20 min at 4 °C using the same centrifuge and rotor. The
new supernatant was ultracentrifuged at 60,000 rpm for 1 h at 4 °C in
a Beckman XL100 centrifuge using a type 70 Ti rotor. The ﬁnal pellet
containing amicrosomal fractionwas re-suspended and homogenized
in 250 mmol/L sucrose to a ﬁnal concentration of 2–3 mg of protein/
mL. This preparation was stored at−4 °C and protein concentrations
were determined by the Folin phenol method [34] using bovine serum
albumin (BSA) as standard.
2.6. Measurements of ATPase activity
The ATPase activity was measured according to the method
described by Grubmeyer and Penefsky [35]. The composition of the
assay medium for the measurement of ATPase activity (0.1 ml) was:
2 mmol/L MgCl2, 20 mmol/L HEPES–Tris (pH 7.0), 4 mmol/L ATP (as
ATP-Mg), and 120 mmol/L NaCl. [γ-32P]ATP was added to a speciﬁc
activity of 3000 cpm/nmol. The Na+-ATPase activity was determined
from the difference between [32P]Pi released in the absence and in the
presence of 2mM furosemide (an Na+-ATPase speciﬁc inhibitor), both
in the presence of 1 mM ouabain (an (Na++K+)ATPase speciﬁc
inhibitor) and in the absence of KCl. For measurement of (Na++K+)
ATPase activity, 30 mmol/L KCl was added and the activity was
determined from the difference between [32P]Pi released in the
absence and in the presence of 1 mM ouabain. In the absence of NaCl
or KCl, choline chloride was added to maintain a constant ionic
strength. The reaction was started by the addition of the microsomal
fraction to the assay medium to a ﬁnal protein concentration of 0.3–
0.5 mg/mL at 37 °C and stopped after 10 min by the addition of
0.1 mol/L HCl-activated charcoal. The [32P]Pi released was measured
in an aliquot of the supernatant obtained after centrifugation of the
samples for 5 min at 2000 rpm in a clinical centrifuge. The
radioactivity was quantiﬁed by liquid scintillation counting (Packard
Tri-Carb 2100 TR). Spontaneous hydrolysis of [γ-32P]ATP was
measured simultaneously in tubes to which protein was added after
the acid.
2.7. Kinetic parameters
The kinetic parameters were derived from the experimental data
by using the statistical curve-ﬁtting package SigmaPlot® (San Jose, CA,
USA). This program calculates the kinetic parameters using a non-
linear regression method. The interpolation is automatically obtained
by derivation of the Michaelis–Menten equation. The non-linear
regression coefﬁcient obtained was always higher than 0.99 under all
conditions.
2.8. Statistical analysis
The means were compared by one-way analysis of variance
(ANOVA) taking into account the treatment of the experimental
Fig. 2. Differences in kinetic parameters of Na+-ATPase in the PT between SHR and
WKY rats. Na+ concentration dependence of ATPase activity in PT of 6-week-old (A) or
14-week-old (B) SHR (open symbols) and WKY rats (closed symbols) in the presence
of 1 mmol/L ouabain and in the absence of KCl. ATPase activity was measured as
described in the Materials and methods section and the indicated Na+ concentrations
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multiple comparative Bonferroni test. Then values correspond to the
results obtained from different microsomal fraction preparations of
different animals.
3. Results
3.1. Sodium pump activities in SHR and WKY
In the ﬁrst experimental group we measured ouabain-insensitive
Na+-ATPase and (Na++K+)ATPase activities in 6- or 14-week-old
SHR and in age-matched WKY used as controls. The Na+-ATPase
activity was not different in 6-week-old SHR (Fig. 1A) but it was
signiﬁcantly enhanced in 14-week-old SHR compared with the
controls (Fig. 1B). On the other hand, (Na++K+)ATPase activity was
increased in 6-week-old SHR (Fig. 1A) but was not different in 14-
week-old SHR (Fig. 1B). It is important to note that the ATPase activity
in the absence of Na+was not different in both 6 and 14-week-old SHR
(data not shown). Our results show that ouabain-insensitive Na+-
ATPase and (Na++K+)ATPase activities are modulated at different
ages of SHR during the development of hypertension.
Fig. 2 shows the Na+ dependence of the hydrolytic activity of
ouabain-insensitive Na+-ATPase in the presence of 1 mmol/L ouabain
and in the absence of K+, in 6- and 14-week-old WKY and SHR.
Under such conditions, (Na++K+)ATPase is completely inhibited.
The increase in Na+ concentration enhanced the ATPase activity in
a dose-dependent manner in both SHR and WKY. The Na+
concentration that promoted half-maximal stimulation (K0.5) of
Na+-ATPase and the maximal rate (Vmax) in 6-week-old WKY
was 2.5±1.4 mmol/L and 44.7±2.3 nmol Pi mg−1 min−1 (Fig. 2A).
Although the Vmax was not different (Vmax=37.8±2.3 nmol Pi
mg−1 min−1) in age-matched SHR, the K0.5 for Na+ decreased
18 times to 0.15±0.06 mmol/L. On the other hand, in 14-week-old
SHR, differences in both parameters, Vmax and K0.5, was observed
(Fig. 2B). The K0.5 for Na+ decreased from 10.7±2.8 mmol/L (WKY)
to 0.38±0.12 mmol/L and Vmax increased from 24.7±2.2 (WKY) to
51.1±2.7 nmol Pi mg−1 min−1. The K0.5 for Na+ found in 14-week-
old WKY agrees with the value obtained by other authors in isolatedFig. 1. Differences in PT ATPase activity between SHR andWKY rats. ATPase activity was
measured as described in the Materials and methods section. (A) (Na++K+) ATPase
and Na+-ATPase activity in 6-week-oldWKY (black bars) and SHR (gray bars) (n=10).
(B) (Na++K+) ATPase and Na+-ATPase activity in 14-week-old WKY (black bars) and
SHR (gray bars) (n=10). Results are expressed as mean±SE. ⁎Statistically signiﬁcant
when compared to respective controls (p b0.05).
(as NaCl). (C) The kinetic parameters were calculated using the following equation:
v=Vmax[S]/K0.5+[S] for the 6- and 14-week-oldWKYand SHR rats. The data (mean±SE)
correspond to the difference between parallel assays performed in the absence or in
the presence of each Na+ concentration. All experiments were done in duplicate
(n=8).basolateral membrane (BLM) of proximal tubule [36,37]. The Na+-
ATPase activity in 6-week-old WKY is higher than the activity in
14-week-old WKY, but in SHR the activity is maintained in 14-
week-old animals.
3.2. Ang II interacts with different receptors in SHR and WKY
In a previous paper we observed that Ang II modulates ouabain-
insensitive Na+-ATPase activity in isolated basolateral membrane of
the pig PT: the AT1 receptor increases the enzyme activity [25], and the
AT2 receptor inhibits it [38]. In the next experimental group we
decided to investigate if the effect of exogenous addition of Ang II on
the ouabain-insensitive Na+-ATPase activity in 6- (Fig. 3A) and 14-
week-old (Fig. 3B) SHR could be changed. To test the effect of Ang II,
the microsomal fraction was previously incubated with Ang II, at the
concentrations indicated, for 30 min, and then the enzyme activity
assays were carried out. This procedure was carried out every timewe
tested for the effect of Ang II. The increase in Ang II concentration from
10−12 to 10−6 mol/L increased the enzyme activity in 6- and 14-
week-old WKY in a similar way to that observed by our group in
isolated BLM of PT cells. The same behavior of the effect of Ang II was
Fig. 3.Modulation of Na+-ATPase activity by Ang II in 6- and 14-week-old SHR andWKY
rats. Na+-ATPase activity was measured as described in the Materials and methods
section. The Ang II concentration ranged from 10−12 mol/L to 10−6 mol/L. (A) The Ang
II effect on 6-week-oldWKY (closed symbols) and SHR (open symbols) rats (n=7). (B)
Ang II effect on 14-week-old WKY (closed symbols) and SHR (open symbols) rats
(n=5). Results are expressed as percentage of the control (mean±SE). ⁎Statistically
signiﬁcant when compared to respective controls in the absence of Ang II (p b0.05).
Dashed line represents the control value of the SHR and WKY taken as 100%.
Fig. 4. Identiﬁcation of the angiotensin receptor involved in the Ang II effect on adult SHR
Na+-ATPase. ATPase activity was measured as described in the Materials and methods
section. (A) Effect of the AT1 antagonist, losartan, and AT2 antagonist, PD123319, on Ang
II modulation of Na+-ATPase activity in 14-week-old WKY (black bars) and SHR (gray
bars) rats (n=9). (B) Effect of the G protein inhibitor, GDPβS, on the Ang II effect
(n=5). Results are expressed as % of the control (mean±SE). ⁎Statistically signiﬁcant
when compared to the respective controls in the absence of Ang II or GDPβS (p b0.05).
Dashed line represents the control value of SHR and WKY taken as 100%.
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old SHR, an inhibitory effect of Ang II on the enzyme activity was
observed, which is contrary to that observed in age-matched WKY
(Fig. 3B). The maximal effect under all conditions was obtained at a
concentration of 10−10 mol/L. Exogenous Ang II, in 14-week-old SHR,
decreased the ouabain-insensitive Na+-ATPase activity to a level
similar that obtained in WKY in the absence of Ang II. These results
show that there is an anomaly effect of Ang II on ouabain-insensitive
Na+-ATPase activity that is a consequence of something that happens
between birth and 14 weeks in SHR.
In order to identify which receptor could be involved in the effect
of exogenous Ang II on the ouabain-insensitive Na+-ATPase activity in
14-week-old SHR and WKY, we used speciﬁc antagonists for AT1 and
AT2 receptors, losartan and 7PD123319, respectively (Fig. 4A). The
stimulatory effect of 10−9 mol/L Ang II on Na+-ATPase activity in
WKY was completely reversed by 10−6 mol/L losartan but it was not
modiﬁed by 10−8 mol/L PD123319. On the other hand, in SHR, the
inhibitory effect of exogenous Ang II was completely reversed by
10−8 mol/L PD123319 but it was notmodiﬁed by 10−6mol/L losartan.
The addition of 10−8 mol/L PD123319 or 10−6 mol/L losartan alone
did not change the enzyme activity in both WKY and SHR (data not
shown). These results indicate that themodulatory effect of exogenous
Ang II on Na+-ATPase activity is mediated by different receptors, AT1
and AT2, in 14-week-old WKY and SHR, respectively.
The Ang II receptors, AT1 and AT2, have seven transmembrane
domains and belong to the family of G protein-coupled receptors
(GPCR) [39,40]. Fig. 4A shows that the effects of Ang II on the enzyme
activity in 14-week-old WKY and SHR were completely abolished by
10−8 mol/L GDPβS, a speciﬁc inhibitor of trimeric G protein. This
scenario indicates that in hypertensive animals, activation of some
system occurs leading to the increase in enzyme activity which is
inhibited by addition of Ang II activating AT2 receptor.3.3. AT1 receptor is responsible for activation of the ouabain-insensitive
Na+-ATPase in adult SHR
It is known that the level of AT1 receptor is increased in 4-week-old
SHR but it is not changed in adult animals (14–16 weeks old) [41].
Therefore, it is possible to imagine that changes in this period could be
responsible for changes in sodium transport in adult animals. To
address this question, we treated 4-week-old SHR or age-matched
WKY daily with 30 mg/kg losartan by gavage as described in the
Materials and methods section (Fig. 5). After the treatment, the
microsomal fraction of the kidney cortex was prepared separately
from each animal in different groups and then the Na+-ATPase
activity assay was carried out.
Treatment of SHR with losartan for 10 weeks (weeks 4–14) or
treated with losartan for 6 weeks (weeks 4–10) and vehicle for a
further 4 wks (weeks 10–14) avoided the development of hyperten-
sion (Fig. 5A) and the increase in ouabain-insensitive Na+-ATPase
activity (Fig. 5B) observed in 14-week-old SHR. Under these condi-
tions, ouabain-insensitive Na+-ATPase activity was decreased by 50%
compared to age-matched WKY-V. Treatment of SHR with vehicle for
the same period of time did not change the enzyme activity and mean
arterial blood pressure (MAP) when compared to untreated SHR.
(Na++K+)ATPase activity in 14-week-old animals was not changed
under any of the conditions tested (data not shown). These results
indicate a clear correlation between AT1 receptor activity and
ouabain-insensitive Na+-ATPase activation of kidney cortex.
In the last experimental group, we tested whether treatment of
the SHR with losartan avoids the changes in kinetic parameters of
the Na+-ATPase (Fig. 6). SHR were treated with losartan (SHR-L) or
treated with vehicle (water, SHR-V) for 10 weeks. WKY treated with
Fig. 5. The AT1 receptor is involved in the activation of Na+-ATPase in adult SHR.
Animals were treated as described in the Materials and methods section. WKY-V, WKY
rats received vehicle (water) for 10 weeks; SHR-V, SHR treated only with vehicle
(water); SHR-L up to 10 weeks old, SHR treated with losartan for 6 weeks and then
vehicle (water) for 4 weeks; and SHR-L up to 14 weeks old, SHR treated with losartan
for 10 weeks (n=6/group). (A) mean arterial blood pressure (MAP) measured weekly
in all groups; (B) renal cortex Na+-ATPase activity in the same conditions described in
panel A. Results are expressed as % of the control (mean±SE). ⁎Statistically signiﬁcant
when compared to the respective controls (p b0.05).
Fig. 6. Kinetic parameters of Na+-ATPase after losartan treatment. (A) Na+ concentra-
tion dependence of ATPase activity in 14-week-old WKY-V (closed circles, WKY treated
only with water), SHR-V (open circles, SHR treated only with water) and SHR-L (open
triangles, SHR treated with losartan for 10 weeks). All experiments were carried out in
the presence of 1 mmol/L ouabain and in the absence of KCl. ATPase activity was
measured as described in the Materials and methods section and at the indicated Na+
concentrations (as NaCl). (B) The kinetic parameters were calculated using the
following equation: v=Vmax[S]/K0.5+[S]. The data (mean±SE) correspond to the
difference between parallel assays performed in the absence or in the presence of each
Na+ concentration. All experiments were done in duplicate (n=8). ⁎Statistically
signiﬁcant when compared to WKY-V and #statistically signiﬁcant when compared to
SHR-V (p b0.05).
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treatment avoided the decrease in K0.5 for Na+ observed in SHR.
Furthermore, under these conditions losartan decreased Vmax even
when compared to WKY-V (in Fig. 6B).
4. Discussion
Our study shows for the ﬁrst time that ouabain-insensitive Na+-
ATPase activity is activated in adult spontaneously hypertensive rats.
Contrary to (Na++K+)ATPase, ouabain-insensitive Na+-ATPase
activity is increased in adult SHR when hypertension is already
established. The activation of the ouabain-insensitive Na+-ATPase in
SHR is correlated to AT1 receptor activity. Thus, we hypothesize that
the increase in expression of AT1 receptor expression in young animals
(4 weeks old), observed in other studies, promotes modiﬁcations in
the adult phase that lead to changes in ouabain-insensitive Na+-
ATPase activity and, consequently, in proximal tubule sodium
reabsorption.
The link between Na+-stimulated ATPase activity and proximal
tubule Na+ transport has been demonstrated by several authors [42–
45]. Furthermore, it has been proposed that ouabain-insensitive Na+-
ATPase is involved in ﬁne tuning, whereas (Na++K+)ATPase is
responsible for most of the Na+ reabsorption in the PT. In this way, any
change in ouabain-insensitive Na+-ATPase leads to signiﬁcant
changes in sodium reabsorption in proximal tubule cells as those
observed in SHR. The possible effect of furosemide on other ATPases or
on Na+/K+/2Cl− cotransporter can be ruled out as discussed in a
previous study [46].
The increase in ouabain-insensitive Na+-ATPase activity observed
in adult SHR is a consequence of the changes in both Vmax and
apparent afﬁnity for Na+. Based on the intracellular Na+ concentra-
tion, it is plausible to postulate that the Na+-ATPase is working at
almost maximal rate in both 6- and 14-week-old SHR. This result ﬁtsvery well with the abnormal increase in proximal tubule sodium
reabsorption observed in SHR [11–14] or primary hypertensive
patients [8,10] indicating the involvement of this enzyme, at least in
part, in this process. The role of this enzyme in hypertensive animal
models was also shown in a recent paper by Beltowski and coworkes
[47]. The authors showed that abnormal regulation of PT ouabain-
insensitive Na+-ATPase activity is involved in hypertension associated
with the metabolic syndrome.
It was shown that AT1 receptor interacts with (Na++K+)ATPase
through arrestins, which could lead to changes in the enzyme activity
[48]. However, this hypothesis is unlikely in the modulation of
ouabain-insensitive Na+-ATPase activity by the AT1-mediated Ang II
effect because we showed that the Ang II effect is completely reversed
by speciﬁc inhibitors of the PI-PLC/PKC pathway and by GDPβS
[25–27,38,40].
Here we have shown that the increase in Na+-ATPase activity of
kidney cortex is a consequence of AT1 receptor activity because
losartan treatment avoids the increase in enzyme activity. It has been
shown that the contribution of the PT in essential hypertension is
independent of age and salt-induced variations in renal hemody-
namics [49]. The changes in sodium reabsorption in PT could be due to
acquired renal tubular defects and/or molecular alterations. Thus, it is
possible to postulate that the increase in AT1 receptor expression in
young SHR leads to some modiﬁcations in adult SHR responsible for
the increase in PT Na+-ATPase activity.
The ﬁnal effect of Ang II on PT Na+-ATPase activity is a
consequence of the action of this peptide in two receptors: AT1 and
AT2 [25,38]. Usually, the level of the AT2 receptor is lower than the AT1
receptor and the ﬁnal effect of Ang II observed is that mediated by the
AT1 receptor. We showed in a previous paper that when AT1 receptor
is blocked by losartan Ang II inhibits the Na+-ATPase of pig proximal
tubule in a PD123319-sensitive way [25,38]. This result agrees with
the proposed role of the AT2 receptor in counteracting the AT1
receptor to achieve hydroelectrolytic balance in normotensive
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the addition of exogenous Ang II could work as a preferential agonist
of AT2 receptor, even when the expression of this receptor is
decreased. This hypothesis could explain the observation that
exogenous Ang II inhibited the ouabain-insensitive Na+-ATPase
activity in SHR through AT2 receptor. A possible increase in expression
of AT2 receptor in SHR can be ruled out because the observation that
the expression of AT2 receptor in mesenteric artery is decreased in
SHR [50].
The precise functional role of the renal AT2 receptor is so far poorly
deﬁned, especially in the kidney. Evidence accumulated in the last few
years suggests that the major function of AT2 receptors is related to
functional antagonism of the vasoconstrictor action of AT1 receptors.
Our results agree with recent observations that the AT2 receptor
represents a counter-regulatory mechanism of kidney protection in a
5/6 uninephrectomy model [51,52]. Further investigations are
necessary to elucidate the role of AT2 receptor in the genesis of the
primary hypertension.
Clinical and experimental data conﬁrm the critical role of the
kidneys in essential hypertension. This mechanism seems to be
associated with the establishment of essential hypertension and it
could be caused, at least in part, by the high level of Ang II in the renal
cortex. We observed a correlation between Na+-ATPase activity and
AT1 receptor activation with the establishment of essential hyperten-
sion. Furthermore, our ﬁndings indicate that Na+-ATPase is a key
target during the development of hypertension. Our results open up
new possibilities in our understanding of the pathophysiological
mechanisms involved in the increased sodium reabsorption in PT
found in essential hypertension.
Acknowledgments
We thank Mr Shanserley Leite do Espírito Santo (FAPERJ TCT-4
fellowship) and Charles Freitas de Oliveira (CNPq AT fellowship) for
excellent technical support. This work was supported by grants from
Conselho Nacional de Desenvolvimento Cientíﬁco e Tecnológico –
CNPq, Fundação Carlos Chagas Filho de Amparo à Pesquisa do Estado
do Rio de Janeiro – FAPERJ and Antonio Luiz Vianna Program from
Fundação José Bonifácio (FUJB).
References
[1] J.P. Granger, S. Abram, D. Stec, D. Chandler, B. LaMarca, Endothelin, the kidney, and
hypertension, Curr. Hypertens. Rep. 8 (2006) 298–303.
[2] T.E. Lohmeier, D.A. Hildebrandt, T.M. Dwyer, A.M. Barrett, E.D. Irwin, M.A. Rossing,
R.S. Kieval, Renal denervation does not abolish sustained baroreﬂex-mediated
reductions in arterial pressure, Hypertension 49 (2007) 373–379.
[3] P.A. Doris, Renal proximal tubule sodium transport and genetic mechanisms of
essential hypertension, J. Hypertens. 18 (2000) 509–519.
[4] J.E. Hall, A.C. Guyton, M.W. Brands, Pressure–volume regulation in hypertension,
Kidney Int. Suppl. 55 (1996) S35–S41.
[5] C. Zeng, Z. Wang, U. Hopfer, L.D. Asico, G.M. Eisner, R.A. Felder, P.A. Jose, Rat strain
effects of AT1 receptor activation on D1 dopamine receptors in immortalized renal
proximal tubule cells, Hypertension 46 (2005) 799–805.
[6] B.H. Douglas, A.C. Guyton, J.B. Langston, V.S. Bishop, Hypertension caused by salt
loading. II. Fluid volume and tissue pressure changes, Am. J. Physiol. 207 (1964)
669–671.
[7] A.C. Guyton, T.G. Coleman, D.B. Young, T.E. Lohmeier, J.W. DeClue, Salt balance and
long-term blood pressure control, Annu. Rev. Med. 31 (1980) 15–27.
[8] N.H. Holstein-Rathlou, U.G. Svendsen, P.P. Leyssac, Effects of acute volume loading
on kidney function in patients with essential hypertension, as estimated by the
lithium clearance method, J. Hypertens. 3 (1985) 511–516.
[9] A.W. Cowley Jr., R.J. Roman, The role of the kidney in hypertension, JAMA 275
(1996) 1581–1589.
[10] A. Semplicini, G. Ceolotto, M. Sartori, A. Maresca, E. Baritono, R. De Toni, I.
Paparella, L. Calo, Regulation of glomerular ﬁltration in essential hypertension:
role of abnormal Na+ transport and atrial natriuretic peptide, J. Nephrol. 15
(2002) 489–496.
[11] W.H. Beierwaltes, W.J. Arendshorst, P.J. Klemmer, Electrolyte and water balance in
young spontaneously hypertensive rats, Hypertension 4 (1982) 908–915.
[12] S. Kato, M. Miyamoto, M. Kato, T. Kanamaru, M. Takagi, N. Nakanishi, N. Sugino,
Renal sodium metabolism in spontaneously hypertensive rats: renal micropunc-ture study of the rate of 22Na recovery by the microinjection method, J. Hypertens.
4 (1986) S255–S256.
[13] D. Thomas, PJ. Harris, T.O. Morgan, Age-related changes in angiotensin II-
stimulated proximal tubule ﬂuid reabsorption in the spontaneously hypertensive
rat, J. Hypertens. 6 (1988) S449–S451.
[14] J. Biollaz, B. Waeber, J. Diezi, M. Burnier, H.R. Brunner, Lithium infusion to study
sodium handling in unanesthetized hypertensive rats, Hypertension 8 (1986)
117–121.
[15] E. Feraille, A. Doucet, Sodium–potassium–adenosinetriphosphatase-dependent
sodium transport in the kidney: hormonal control, Physiol. Rev. 81 (2001)
345–418.
[16] W.H. Dantzler, Regulation of renal proximal and distal tubule transport: sodium,
chloride and organic anions, Comp. Biochem. Physiol. A. Mol. Integr. Physiol. 136
(2003) 453–478.
[17] F. Proverbio, R. Marín, T. Proverbio, The “second” sodium pump and cell volume,
Curr. Top. Membr. Transp. 34 (1989) 105–119.
[18] C. Caruso-Neves, S.A. Coelho-Souza, D. Vives, G. Goes, L.S. Lara, A.G. Lopes,
Modulation of ouabain-insensitive Na+-ATPase activity in the renal proximal
tubule by Mg2+, MgATP and furosemide, Int. J. Biochem. Cell. Biol. 34 (2002)
1586–1593.
[19] L.C. Garg, N. Narang, S. McArdle, Na-K-ATPase in nephron segments of rats
developing spontaneous hypertension, Am. J. Physiol. 249 (1985) F863–F869.
[20] C.A. Hinojos, P.A. Doris, Altered subcellular distribution of Na+,K+-ATPase in
proximal tubules in young spontaneously hypertensive rats, Hypertension 44
(2004) 95–100.
[21] X. Zhou, E.D. Frohlich, Analogy of cardiac and renal complications in essential
hypertension and aged SHR or L-NAME/SHR, Med. Chem. 3 (2007) 61–65.
[22] L.G. Navar, K.D. Mitchell, L.M. Harrison-Bernard, H. Kobori, A. Nishiyama,
Intrarenal angiotensin II levels in normal and hypertensive states, J. Renin-
Angiotensin-Aldosterone Syst. 2 (2001) S176–S184.
[23] J.L. Zhuo, X.C. Li, Novel roles of intracrine angiotensin II and signalling mechanisms
in kidney cells, J. Renin Angiotensin Aldosterone Syst. 8 (2007) 23–33.
[24] Y. Matsushima, M. Kawamura, S. Akabane, M. Imanishi, M. Kuramochi, K. Ito, T.
Omae, Increases in renal angiotensin II content and tubular angiotensin II
receptors in prehypertensive spontaneously hypertensive rats, J. Hypertens. 6
(1988) 791–796.
[25] L.B. Rangel, C. Caruso-Neves, L.S. Lara, F.L. Brasil, A.G. Lopes, Angiotensin II
activates the ouabain-insensitive Na+-ATPase from renal proximal tubules
through a G-protein, Biochim. Biophys. Acta 1416 (1999) 309–319.
[26] L.B. Rangel, C. Caruso-Neves, L.S. Lara, A.G. Lopes, Angiotensin II stimulates renal
proximal tubule Na(+)-ATPase activity through the activation of protein kinase C,
Biochim. Biophys. Acta 1564 (2002) 310–316.
[27] L.B. Rangel, A.G. Lopes, L.S. Lara, T.L. Carvalho, I.V. Silva, M.M. Oliveira, M. Einicker-
Lamas, A. Vieyra, L. Nogaroli, C. Caruso-Neves, PI-PLCbeta is involved in the
modulation of the proximal tubule Na+-ATPase by angiotensin II, Regul. Pept. 127
(2005) 177–182.
[28] J.C. Maia, S.L. Gomes, M.H. Juliani, Preparation of (γ-32P)- and (α-32P)-nucleoside
Triphosphates with High Speciﬁc Activity, Fundação Oswaldo Cruz, Rio de Janeiro,
1993, pp. 139–146.
[29] P. Chamiot-Clerc, M. Legrand, J. Sassard, M.E. Safar, J.F. Renaud, Differences in
aortic response to vasoactive stimuli in Japanese and Lyon rats: the role of
hypertension, J. Hypertens. 17 (1999) 1403–1411.
[30] H. Unoki, K. Furukawa, H. Yonekura, Y. Ueda, S. Katsuda, M. Mori, K. Nakagawara,
H. Mabuchi, H. Yamamoto, Up-regulation of cyr61 in vascular smooth muscle cells
of spontaneously hypertensive rats, Lab. Invest. 83 (2003) 973–982.
[31] M. Safar, P. Chamiot-Clerc, G. Dagher, J.F. Renaud, Pulse pressure, endothelium
function, and arterial stiffness in spontaneously hypertensive rats, Hypertension
38 (2001) 1416–1421.
[32] M. Fritz, G. Rinaldi, Inﬂuence of nitric oxide-mediated vasodilation on the blood
pressure measured with the tail-cuff method in the rat, J. Biomed. Sci. 14 (2007)
757–765.
[33] A. Vieyra, L. Nachbin, E. de Dios-Abad, M. Goldfeld, J.R. Meyer-Fernandes, L.
Moraes, Comparison between calcium transport and adenosine triphosphatase
activity in membrane vesicles derived from rabbit kidney proximal tubules, J. Biol.
Chem. 261 (1986) 4347–4355.
[34] O.H. Lowry, N.J. Rosebrough, A.L. Farr, R.J. Randall, Protein measurement with the
Folin phenol reagent, J. Biol. Chem. 193 (1951) 265–275.
[35] C. Grubmeyer, H.S. Penefsky, The presence of two hydrolytic sites on beef heart
mitochondrial adenosine triphosphate, J. Biol. Chem. 256 (1981) 3718–3727.
[36] F. Proverbio, J.R. Del Castillo, Na+-stimulated ATPase activities in kidney basal–
lateral plasma membranes, Biochim. Biophys. Acta. 646 (1981) 99–108.
[37] C. Caruso-Neves, S.A. Coelho-Souza, D. Vives, G. Goes, L.S. Lara, A.G. Lopes,
Modulation of ouabain-insensitive Na(+)-ATPase activity in the renal proximal
tubule by Mg(2+), MgATP and furosemide, Int. J. Biochem. Cell. Biol. 34 (2002)
1586–1593.
[38] A.M. De Souza, A.G. Lopes, C.P. Pizzino, R.N. Fossari, N.C. Miguel, F.P. Cardozo, R.
Abi-Abib, M.S. Fernandes, D.P. Santos, C. Caruso-Neves, Angiotensin II and
angiotensin-(1–7) inhibit the inner cortex Na+-ATPase activity through AT2
receptor, Regul. Pept. 120 (2004) 167–175.
[39] M. Mukoyama, M. Nakajima, M. Horiuchi, H. Sasamura, R.E. Pratt, V.J. Dzau,
Expression cloning of type 2 angiotensin II receptor reveals a unique class of
seven-transmembrane receptors, J. Biol.Chem. 268 (1993) 24539–24542.
[40] L.S. Lara, F. Cavalcante, F. Axelband, A.M. De Souza, A.G. Lopes, C. Caruso-Neves,
Involvement of the Gi/o/cGMP/PKG pathway in the AT2-mediated inhibition of
outer cortex proximal tubule Na+-ATPase by Ang-(1–7), Biochem. J. 395 (2006)
183–190.
366 E.P. Queiroz-Madeira et al. / Biochimica et Biophysica Acta 1798 (2010) 360–366[41] H.F. Cheng, J.L. Wang, G.P. Vinson, R.C. Harris, Young SHR express increase type 1
angiotensin II receptors in renal proximal tubule, Am. J. Physiol. 274 (1998)
F10–F17.
[42] J.R. Del Castillo, J.W. Robinson, Mg2+-ATP-dependent sodium transport in inside-
out basolateral plasma membrane vesicles from guinea-pig small intestinal
epithelial cells, Biochim. Biophys. Acta 812 (1985) 413–422.
[43] R. Marin, T. Proverbio, F. Proverbio, Active sodium transport in basolateral plasma
membrane vesicles from rat kidney proximal tubular cells, Biochim. Biophys. Acta
814 (1985) 363–373.
[44] L.S. Lara, J.S. Correa, A.B. Lavelle, A.G. Lopes, C. Caruso-Neves, The angiotensin
receptor type 1-Gq protein-phosphatidyl inositol phospholipase C beta-protein
kinase C pathway is involved in activation of proximal tubule Na+-ATPase activity
by angiotensin (1–7) in pig kidneys, Exp. Physiol. 93 (5) (2008) 639–647.
[45] G. Malnic, H. Enokibara, M.M. Aires, F.L. Vieira, Effect of furosemid and NaCl-
loading on chloride excretion in single nephrons of rat kidneys, Pﬂugers Arch. 309
(1969) 21–37.
[46] M.A. Marin, T. Obando, F. Proverbio, Effect of a high NaCl diet on the active
mechanisms of Na+ extrusion in rat kidney, Kidney Int. 30 (1986) 518–523.
[47] J. Beltowski, E. Borkowska, G. Wojcicka, A. Marciniak, Regulation of renal ouabain-
resistant Na+-ATPase by leptin, nitric oxide, reactive oxygen species, and cyclicnucleotides: implications for obesity-associated hypertension, Clin. Exp. Hyper-
tens. 29 (2007) 189–207.
[48] T. Kimura, P.B. Allen, A.C. Nairin, M.J. Caplan, Arrestins and spinophilin
competitively regulate Na+,K+-ATPase trafﬁcking through association with a
large cytoplasmic loop of the Na+,K+-ATPase, Mol. Biol. Cell 18 (2007)
4508–4518.
[49] A. Chiorelo, M. Maillard, J. Nussberger, H.R. Bruner, M. Burnier, Proximal sodium
reabsorption: an independent determinant of blood pressure response to salt,
Hypertension 36 (2000) 631–637.
[50] D. You, L. Loufrani, C. Baron, B.I. Levy, R.E.Widdop, D. Henrion, High blood pressure
reduction reverses angiotensin II type 2 receptor-mediated vasoconstriction into
vasodilation in spontaneously hypertensive rats, Circulation 111 (2005)
1006–1011.
[51] F.M.A. Correa, M. Viswanathan, G.M. Ciuffo, K. Tsutsumi, J.M. Saavedra,
Kidney angiotensinII , receptors and converting enzyme in neonatal and
adult Wistar–Kyoto and spontaneously hypertensive rats, Peptides 16 (1995)
19–24.
[52] L.K. Gillies, M. Lu, H. Wang, R.M. Lee, AT1 receptor antagonist treatment caused
persistent arterial functional changes in young spontaneously hypertensive rats,
Hypertension 30 (1997) 1471–1478.
